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ABSTRACT
The upcoming James Webb Space Telescope (JWST ) will allow observations of high-
redshift galaxies at fainter detection levels than ever before, and JWST surveys tar-
geting gravitationally lensed fields are expected to bring z & 6 objects with very low
star formation rate (SFR) within reach of spectroscopic studies. As galaxies at lower
and lower star formation activity are brought into view, many of the standard methods
used in the analysis of integrated galaxy spectra are at some point bound to break
down, due to violation of the assumptions of a well-sampled stellar initial mass func-
tion (IMF) and a slowly varying SFR. We argue that galaxies with SFR∼ 0.1 M
yr−1 are likely to turn up at the spectroscopic detection limit of JWST in lensed
fields, and investigate to what extent star formation sampling may affect the spec-
tral analysis of such objects. We use the slug spectral synthesis code to demonstrate
that such effects are likely to have significant impacts on spectral diagnostics of, for
example, the Balmer emission lines. These effects are found to stem primarily from
SFRs varying rapidly on short (∼ Myr) timescales due to star formation in finite units
(star clusters), whereas the effects of an undersampled IMF is deemed insignificant in
comparison. In contrast, the ratio between the HeII- and HI-ionizing flux is found to
be sensitive to IMF-sampling as well as ICMF-sampling (sampling of the initial cluster
mass function), which may affect interpretations of galaxies containing Population III
stars or other sources of hard ionizing radiation.
Key words: Galaxies: high-redshift – galaxies: stellar content – galaxies: star forma-
tion
1 INTRODUCTION
A standard assumption in the modelling and analysis of
the spectra or spectral energy distributions of galaxies is
that the stellar initial mass function (IMF) can be consid-
ered to be fully sampled, i.e., that star formation results in
a sufficiently smooth distribution of stellar masses so that
stochastic mass sampling effects can be ignored. Another
very common assumption in this field (although rarely ex-
plicitly stated) is that the star formation rate (SFR(t)) does
not fluctuate significantly on timescales of millions of years,
but can be treated as a smooth or even constant function
over ∼ 10 Myr timescales.
As has been demonstrated in a large body of work, these
assumptions may be violated in low-mass systems or systems
with very low star formation activity (e.g., Santos & Frogel
1997; Cervin˜o & Luridiana 2004; Fouesneau & Lanc¸on 2010;
Fumagalli et al. 2011; Eldridge 2012; Hernandez 2012; da
? E-mail: anton.vikaeus@physics.uu.se
Silva et al. 2012; Paalvast & Brinchmann 2017; Emami et al.
2019; Krumholz et al. 2019). This is a well-known problem
in the study of star clusters and dwarf galaxies in the low-
redshift Universe, but has not been widely recognized as an
important issue in the study of galaxies at high redshifts
(z), since the majority of the currently observable high-z
objects tend to be too massive (or conversely, to have too
high SFR) for star formation sampling effects to have any
significant impact on their spectra.
Even so, a few papers have highlighted the impact that
star formation stochasticity may have on the interpretation
of observations of Lyman-α equivalent widths and Lyman
continuum fluxes at z & 3 (Forero-Romero & Dijkstra 2013),
on feedback effects in simulations of the lowest-mass galax-
ies in the reionization epoch (Applebaum et al. 2020) and
on the spectral signatures of low-mass Population III (Pop
III) galaxies at z & 7 (Mas-Ribas et al. 2016). While the
latter two examples deal with galaxies in a mass range that
will remain well below the detection threshold of the tele-
scopes that will come online in the foreseeable future, we
c© 2019 The Authors
ar
X
iv
:1
91
2.
02
20
1v
3 
 [a
str
o-
ph
.G
A]
  1
2 F
eb
 20
20
2 Anton Vikaeus et al.
here highlight that the upcoming James Webb Space Tele-
scope (JWST ) is likely to detect large numbers of low-SFR,
z & 6 objects in deep observations of strongly lensed fields,
for which star formation sampling effects may well have con-
siderable observational effects. We focus on the Balmer emis-
sion lines (Hα and Hβ in particular) which provide an ob-
served flux representative of the stars dominating the blue
part of the spectrum (rest-frame UV to optical) in high-
redshift galaxies. The impact of stochastic star formation
on the Lyman-α flux from galaxies at z & 6 will not be
studied in this article due to the considerable complexity
in modeling the reprocessing of this radiation over cosmic
distances.
In Sect. 2, we make the case that z & 6 galaxies signifi-
cantly affected by star formation sampling effects are likely
to turn up above the JWST detection limit in deep observa-
tions of cluster lensing fields. Sect. 3 describes the methods
and assumptions used to assess the impact of star forma-
tion sampling effects on the spectra of low-SFR galaxies at
high redshift. In Sect. 4, we explore some of the star forma-
tion sampling effects that this may have on their spectral
properties. Sect. 5 discusses the implications of our findings.
2 STAR FORMATION SAMPLING EFFECTS
AT HIGH REDSHIFTS WITH JWST
The SFR limit at which star formation sampling effects
start to have significant effects on the the predictions of
spectral features can be casually estimated to be SFR .
0.1 Myr−1 (e.g., Paalvast & Brinchmann 2017), although
some effects may be important even at SFR ∼ 1 Myr−1
(Forero-Romero & Dijkstra 2013). In fig. 1, we demon-
strate that the intrinsic rest-frame UV (1500 A˚) fluxes of
SFR = 0.1–1 Myr−1 galaxies are expected to lie below the
JWST spectroscopic detection limit (here taken to be the
JWST/NIRSpec R = 100, S/N = 5, point-source contin-
uum detection limit for an exposure time of 10 h) at z ≥ 6.
However, such galaxies are nonetheless expected to turn up
in spectroscopic JWST samples that target cluster lensing
fields. In the absence of extinction, the apparent AB mag-
nitudes of SFR = 1 Myr−1 (0.1 Myr−1) are expected to
be mAB ≈ 28–29.5 mag (30.5–32 mag) at z ≈ 6–16. Mag-
nification factors of µ ≈ 2–6 (µ ≈ 20–60) would lift such
objects above the spectroscopic detection limit of JWST,
and objects at z & 6 with similar intrinsic magnitudes may
already have been photometrically detected with the Hub-
ble Space Telescope in cluster lensing fields (e.g Yue et al.
2018; Kikuchihara et al. 2019). Dust attenuation could po-
tentially push the SFR ≈ 0.1–1 Myr−1 objects further be-
low the detection threshold, but simulations predict that the
UV attenuation of such faint z & 6 galaxies in many cases
will be < 0.5 mag (Shimizu et al. 2014).
3 MODELS
As explained by da Silva et al. (2011), there are two entan-
gled star formation sampling effects that become relevant
at low SFRs – the sampling of the stellar initial mass func-
tion (IMF) and the temporal variations of the SFR which
Figure 1. Apparent AB magnitude at rest-frame wavelength
1500 A˚ as a function of redshift for SFR = 0.1 Myr−1 (red
solid line) and 1 Myr−1 (blue solid) based on the SFR-LUV
scaling adopted in Madau & Dickinson (2014), rescaled to a
Kroupa IMF. The dashed line indicates the redshift-dependent
JWST/NIRSpec R = 100, S/N ≈ 5 point-source continuum de-
tection limit that corresponds to a rest-frame wavelength of 1500
A˚ for an exposure time of 10 h. While z ≈ 6–16 galaxies with
SFR = 0.1–1 Myr−1 are intrinsically expected to lie below this
JWST spectroscopic detection limit, they would be readily de-
tectable in a strongly lensed field (as an example, the black arrow
indicates how the red line would be shifted in the case of magni-
fication µ ≈ 30).
are induced by sampling of the initial cluster mass function
(ICMF).
The first effect stems from the fact that a coeval pop-
ulation of stars forming with an integrated mass below a
certain limit will experience an incompletely sampled IMF
(Elmegreen 2000). The result of this is that stellar pop-
ulations with the same age and integrated mass nonethe-
less may exhibit different observable characteristics due to
stochasticity in the number of massive stars present. Since
the mass of the galaxy at any time is a result of its star
formation history, this also translates into a corresponding
limit on SFR(t) – an object with lower SFR(t) will produce
a lower integrated mass over a given time span and hence
be more prone to an undersampled IMF. In this article, the
effects regarding an undersampled IMF will be referred to
as IMF-sampling.
The second effect stems from the assertion that if stars
form in coeval star clusters sampled from an initial clus-
ter mass function, the SFR(t) will inevitably fluctuate on
short timescales, as any galaxy that happens to form a very
massive cluster will see a momentary peak in its temporal
SFR. As a result, galaxies with the same mean SFR (when
measured over timescales longer than a few Myr) will exhibit
different observed characteristics depending on whether they
happen to be experiencing a temporary peak or a drop
in the stochastically fluctuating SFR(t). In this article we
will refer to the stochastic behaviour due to sampling from
the ICMF, simply as ICMF-sampling. When studying high-
redshift galaxies and their behaviour over time, it is impor-
tant to make a distinction between low-SFR and low-mass
MNRAS 000, 1–8 (2019)
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galaxies, which do not necessarily correlate, since a high-
mass galaxy can have a low SFR(t) and vice versa. There-
fore, for any galaxy mass, we may very well find sampling
issues. However, the relative impact of such sampling issues
becomes stronger in low-mass systems, due to feedback ef-
fects during star formation – making the low-mass galaxies
more relevant when studying sampling issues. Furthermore,
we must note that at high redshifts it is necessary that galax-
ies have ongoing star formation in order to produce any ob-
servable Hα and/or Hβ emission lines at all. Without young
and massive stars that provide the hard ionizing flux needed
to excite the relevant Balmer emission lines, we cannot study
high-redshift galaxies in the amount of detail desired. There-
fore, in this analysis, SFR(t) is more relevant than the total
mass of the galaxy since it tracks the stars responsible for
the outgoing ionizing flux over time in more detail.
Here, we have used the stellar population synthesis soft-
ware slug (stochastically lighting up galaxies; da Silva et al.
2012; Krumholz et al. 2015) to simulate the stochasticity due
to star formation sampling effects on the equivalent width
(EW) of the Balmer emission lines Hα and Hβ, the AB-
magnitude mUV (which we define by the flux density at
rest-frame wavelength 1500 A˚) and the LHα/LUV (dimen-
sionless) ratio. The Monte Carlo based simulations are run
with 100 trials each for a mean SFR of either 1 or 0.1 M
yr−1 (corresponding to the two coloured lines shown in fig. 1)
for a galaxy with an age of 100 Myr and a fixed metallicity
of Z = 0.004. We adopt the Kroupa (2001) universal IMF in
the 0.1–100 M mass range, and a power-law ICMF with an
exponent β = −2 throughout the 20–107 M cluster mass
range (Lada & Lada 2003; da Silva et al. 2011; Fall et al.
2010). We furthermore assume that all star formation takes
place in clusters. We use the thermally pulsating Padova
AGB stellar tracks for all calculations and base the predic-
tions for the nebular continuum and emission line strengths
on the analytical approximations implemented in slug, as-
suming no loss of ionizing photons due to dust or leakage into
the intergalactic medium. To convert intrinsic luminosities
to apparent AB magnitudes we adopt the ΛCDM cosmology
with H0 = 67.6 km s
−1Mpc−1, ΩΛ = 0.69 and Ωm = 0.31
(Planck Collaboration et al. 2016).
4 STAR FORMATION SAMPLING EFFECTS
ON SPECTRAL PROPERTIES
4.1 Effects of stochasticity
In fig. 2, we show the predicted effects of star formation
sampling stochasticity on a number of observables relevant
for high-redshift objects with JWST : the rest-frame equiva-
lent widths EW(Hα) and EW(Hβ), the LHα/LUV ratio and
the rest-frame UV apparent AB magnitude mAB. Note that
the emission lines Hα and Hβ will be observable to redshifts
of z ≈ 7.1 and z ≈ 9.9 respectively with JWST/NIRSpec,
while the UV (defined at 1500 A˚) will formally remain in
the JWST/NIRSpec wavelength window up to z ≈ 34 (i.e.,
in an epoch prior to the formation of the first galaxies). All
distributions of the observables in fig. 2 show a clear scat-
ter, which is especially prominent in the case of the SFR
≈ 0.1M yr−1 galaxies. We note that significant stochastic
behaviour is also seen at SFR ≈ 1M yr−1, but the number
of extreme outliers is lower.
The EWs of Balmer emission lines can be used as a
combined constraint on age and star formation history (e.g.,
Zackrisson et al. 2005; O¨stlin et al. 2008), but also in prin-
ciple to single out objects with extreme levels of leakage of
ionizing photons into the intergalactic medium (giving very
low EW: Zackrisson et al. 2013), to find objects with ex-
treme ionizing fluxes, like Population III-dominated galaxies
(giving very high EW: Inoue 2011) or to provide a general
test of the viability of stellar population models for high-
redshift galaxies (Zackrisson et al. 2017). However, a signif-
icant stochastic variation in the EWs of Balmer emission
lines for reasons that are largely disconnected from age or
average star formation properties would significantly obfus-
cate such attempts. Looking at the equivalent widths of the
Hα and Hβ emission lines (fig. 2a & b), we find that the
EW of the outliers is up to a factor of ∼ 4 higher than the
mean of the distribution at SFR ≈ 0.1 M yr−1 and a factor
of ∼ 2 higher at SFR ≈ 1 M yr−1. Moreover, the modes
of the distributions predicted in the case of stochastic star
formation sampling are centered at slightly lower EWs with
respect to the value obtained when using the corresponding
non-stochastic treatments. We find that the EWs of Hα and
Hβ correlate almost perfectly, so that objects that are EW
outliers in one line will be outliers in the other as well. The
non-stochastic calculations (represented by the dashed black
lines in fig. 2) are calculated with slug by turning off cluster
formation, while populating the whole galaxy according to
the analytical expression for the Kroupa IMF.
As the luminosity of the Hα emission line and the UV
continuum trace star formation activity on somewhat dif-
ferent timescales (e.g., Boquien et al. 2014), the LHα/LUV
ratio has a long tradition of being used as a probe of the
burstiness of stellar populations (e.g., Madau & Dickinson
2014; Shivaei et al. 2015), although it can also be used to
probe dust attenuation, the stellar initial mass function and
the escape of ionizing photons (e.g., Emami et al. 2019).
Fig. 2c shows the distribution of the LHα/LUV ratio, where
LUV is defined as λLλ (so that [LUV] = erg/s) at a rest-
frame λ = 1500 A˚. The overall behaviour from the Balmer
EW histograms is largely reproduced, in the sense that the
SFR ≈ 0.1M yr−1 scenario results in more outliers than
the SFR ≈ 1M yr−1 one, and that the mode of the dis-
tribution lies lower than the expectation from a model that
ignores the sampling effects. Moreover, we find that there is
a correlation between LHα/LUV and the Balmer line EWs,
in the sense that objects that are EW outliers in most cases
also are LHα/LUV outliers as well (with strong EW giving
high LHα/LUV ratios, and vice versa).
The UV continuum flux is often used as an SFR indi-
cator (e.g., Madau & Dickinson 2014) and also serves as an
important discriminator on the overall detectability of high-
redshift galaxies using either photometry or low-resolution
spectroscopy. In fig. 2d, we show UV magnitude (mAB at
1500 A˚) distributions obtained for 100 Myr old galaxies with
SFR ∼ 0.1 M yr−1 and SFR ∼ 1 M yr−1 at z = 10. The
modes of the distributions agree reasonably well with the
fluxes predicted in the absence of stochastic star formation
sampling effects, but rare outliers that deviate up to a mag-
nitude or more are seen at SFR ≈ 0.1 M yr−1. A correla-
tion with other spectral properties is present, as the faintest
objects also tend to have very low Balmer line EWs, and
the brightest ones very high. The JWST/NIRCam instru-
MNRAS 000, 1–8 (2019)
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Figure 2. Distribution of rest-frame EW(Hα), EW(Hβ), LHα/LUV (dimensionless) and the apparent AB magnitude at redshift z = 10
shown for 100 simulations of a 100 Myr old galaxy at SFR = 1.0M yr−1 (blue) and SFR = 0.1M yr−1 (orange) . The dashed black
line represents the outcome of a fully sampled (non-stochastic) simulation. The UV is defined to be at rest-frame λ = 1500 A˚.
ment is expected to be able to photometrically detect ob-
jects down to mAB ≈ 28.8 mag in 10 h (point-source limit,
S/N ≈ 5), which is very close to the expected magnitudes
of SFR ≈ 1 M yr−1 objects at z ≈ 10. Similarly deep ob-
servations of a lensed field with µ & 10, will probe objects
with SFR . 0.1 M yr−1 where stochastic effects start to
become more severe. As low-SFR objects are more common
than high-SFR ones, one may also expect to observe galaxies
with even lower mean SFR which – due to sampling effects
– attain magnitudes far brighter than one would normally
predict for low-SFR objects.
4.2 Sources of stochasticity
Are these stochastic effects due to IMF-sampling or ICMF-
sampling? In fig. 4, we attempt to disentangle the two effects
in order to show that IMF-sampling alone gives rise to very
modest effects on EW(Hβ) and the UV continuum luminos-
ity and that the effects we have discussed are almost entirely
due to ICMF-sampling. Naturally, in order to only simulate
ICMF-sampling, we turned off IMF-sampling (and vice versa
to simulate IMF-sampling only). In doing so one needs to ac-
knowledge that turning off either sampling source will have
effects on the other. For example, when only simulating IMF-
sampling, the star formation rate is kept at a constant level
of 0.1 or 1.0 M yr−1 (the two SFRs studied in this paper).
On the other hand, when ICMF-sampling is activated, the
temporary SFR(t) can become significantly lower (higher)
which would result in stronger (weaker) IMF-sampling ef-
fects since it is more severe on smaller populations of stars.
This illustrates the fact that the sources of the variations
seen in e.g., fig. 2 cannot be disentangled perfectly using our
method since we are not running the IMF-sampling simu-
lation on exactly the same sizes of star clusters as when
ICMF-sampling is also active. What we manage to do here
is rather to get a handle on which effect that seems to be
the dominant one.
Examination of the star formation history of the most
extreme outliers in the histograms of fig. 2 confirm that
these are due to recent SFR spikes or troughs. As an ex-
ample, in fig. 3 we show the star formation history for the
SFR ≈ 0.1 M yr−1 galaxy that has given rise to the highest
Balmer line EWs, LHα/LUV ratio and brightest UV flux (or-
ange solid line). This galaxy has experienced a recent burst
of star formation, due to the formation of an unusually mas-
sive star cluster, by a factor of ≈ 20 above the baseline SFR
(the SFR around which the lines fluctuate up and down)
MNRAS 000, 1–8 (2019)
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Figure 3. Actual SFR(t) for a target SFR = 0.1M yr−1 in the
two extreme cases of the simulated galaxies. The galaxy with the
strongest Balmer line equivalent widths correspond to the solid
orange line while the dotted orange line represents the galaxy
with the weakest Balmer emission lines. The dashed black line
shows the target SFR. The extreme properties of the galaxy with
the strong equivalent width are due to a large spike in the SFR at
an age close to 100 Myr, which is caused by the formation of an
unusually massive star cluster. Correspondingly, the galaxy with
the weakest Balmer line equivalent widths is a result of a deficit
of young and massive star clusters being formed at the time of
emission of radiation.
– temporarily reaching SFR ≈ 2 M yr−1. Galaxies that
show very low Balmer line EWs also feature temporary SFR
peaks, but happens to be in a low-SFR state at the time
when the spectrum is extracted (orange dotted line). The
two lines in fig. 3 have slightly different baseline SFR while
they both have the same SFR when averaged over 100 Myr.
The reason that the baseline SFR is lower for the galaxy
belonging to the dotted orange line is simply because a very
massive cluster was formed at ∼ 30 Myr (temporarily reach-
ing SFR ≈ 10 M yr−1). This forces the baseline SFR down
in order to achieve an SFR ≈ 0.1 M yr−1, when averaged
over 100 Myr.
Importantly, we should note the fact that the most ex-
treme outliers form at a temporary peak in the SFR, when
the galaxy is at its brightest. This implies that even though
the outliers are more rare objects, this effect introduces a
bias due to the use of flux-limited samples, that may cause
them to be observed more frequently than expected. Conse-
quently, this also implies that these objects will have formed
a very massive cluster adjacent in time to when the light
that we observe was emitted – meaning that these objects
will suffer less from IMF-sampling effects. On the other
hand, this mentioned bias will be counteracted, on statis-
tical grounds, due to gravitational lensing which tends to
favour the most common objects. A thorough calculation
of the probabilities of observing a high-redshift galaxy de-
pends on the apparent brightness (which we have seen can
vary stochastically) and number density of galaxies as well
as on magnification probabilities. Given that most galaxies
of a given mean SFR are not outliers, but rather have magni-
tudes close to the mean of the distribution, there is a larger
probability for a galaxy with average spectral features being
magnified, and therefore have an increased chance of being
observed. What this means is that even though stochastic
effects increases the probability of observing outliers in the
distributions acquired in this paper, magnification effects
may boost the brightness of galaxies with average spectral
features and therefore we are not guaranteed to observe un-
expectedly large numbers of outlier objects in future sur-
veys. Exact determination of the probability of detecting
high-redshift galaxies as a function of the galaxies SFR is
highly complex and is therefore left for further studies.
Having concluded that IMF-sampling has very modest
effects on EW(Hβ), mUV and LHα/LUV (displayed in fig. 4
and fig. 5b) we turn to the ratio between the HeII- and HI-
ionizing flux (defined as QHeII/QHI, where Q is in units of
photons/s) which is more sensitive to IMF-sampling due to
the fact that the origin of strong HeII lines are the most
massive stars. A galaxy populated with IMF-sampling ac-
tivated will introduce scatter in the QHeII/QHI distribution
as IMF-sampling may produce clusters with widely differing
numbers of stars at the highest masses. Since this ratio may
be used in the determination of Pop III observational sig-
natures through the appearance of strong HeII lines (that
can be used to discriminate between chemically pristine and
metal-enriched stellar populations: Raiter et al. 2010), it
is important to know whether the strong HeII lines origi-
nate from a chemically enriched stellar population subject
to IMF-sampling or from a galaxy containing a combination
of Pop I/II and Pop III stars (the type of object predicted
in the simulations of Sarmento et al. 2018, 2019). The ratio
QHeII/QHI (fig. 5a) shows a notable scatter in the distribu-
tion when including IMF-sampling in the simulation which,
as mentioned, differs from what we see in the quantities dis-
played in fig. 2, where the source of the scatter is entirely
dominated by ICMF-sampling. Note that we do not display
EW(Hα) when separating IMF and ICMF-sampling effects,
since EW(Hα) shows the same modest effects from IMF-
sampling as EW(Hβ).
A measure of the amount of scatter in the distributions
is the relative standard deviation σ/µ (the standard devia-
tion divided by the mean of the distribution). In the case of
IMF-sampling, the distribution of QHeII/QHI gives a value
σ/µ ∼ 0.36 while all other distributions show a value for σ/µ
that is (at the least) an order of magnitude smaller, confirm-
ing that QHeII/QHI is much more sensitive to IMF-sampling.
Looking at the distribution of QHeII/QHI seen in fig. 5a one
would, in most cases, require higher values for this ratio in
order to interpret this as clear-cut Pop III signatures (no
metal lines and very large values for QHeII/QHI). If the sim-
ulated sampling effects would have been larger, producing
even higher values for QHeII/QHI, one would encounter a
considerable risk of erroneously interpreting the flux from
chemically enriched stars (with low metallicity) suffering
from such sampling issues, as coming from Pop III stars. As
mentioned, in most cases the QHeII/QHI ratio found in this
paper is not large enough to cause serious concerns with fu-
ture attempts of detecting metal-free galaxies (i.e., galaxies
containing only Pop III stars) – only in the few cases where
log10[QHeII/QHI] > −2 do we reach a regime consistent with
some suggested Pop III galaxy models (e.g., Schaerer 2003).
Inoue (2011) showed that it is practically very hard to dis-
tinguish a galaxy containing very small amounts of metals
MNRAS 000, 1–8 (2019)
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Figure 4. Distribution of a) rest-frame EW(Hβ) and b) apparent AB-magnitude at redshift z = 10 for 100 simulations of a 100 Myr
old galaxy with SFR = 0.1 M yr−1. The three distributions in each graph show simulations when only IMF-sampling or only ICMF-
sampling is at work, as well as the situation when both IMF and ICMF-sampling are combined. The combined IMF and ICMF-sampling
displayed here is the same as in fig. 2 (b,d) for SFR = 0.1 M yr−1.
Figure 5. Distribution of a) rest-frame QHeII/QHI and b) LHα/LUV (dimensionless) at redshift z = 10 for 100 simulations of a 100 Myr
old galaxy with SFR = 0.1 M yr−1. The the distributions in each graph show simulations when only IMF-sampling or only ICMF-
sampling is at work, as well as the situation when both IMF and ICMF-sampling are combined. The combined IMF and ICMF-sampling
for LHα/LUV displayed here is the same as in fig. 2c for SFR = 0.1 M yr−1.
from a zero metallicity galaxy. In a scenario where obser-
vations cannot discern any metals, and the galaxy simulta-
neously show very high values for QHeII/QHI, we will not
be able to say with certainty whether we are observing a
low-metallicity galaxy with some fraction of Pop III stars,
or just a Pop II galaxy with very low metallicity, suffering
from the sampling effects presented in this paper.
In fig. 5a, we see that the outliers with very low values
are more common, nevertheless, we find that the distribu-
tion show some outliers that reach values a factor of ∼ 6
larger than the mean. This kind of uncertainty would imply
a significant scatter in the corresponding EW of the HeII
emission lines (e.g., HeII λ1640 A˚ and λ4686 A˚). Similar dis-
crepancies (with high HeII emission line EW) has been seen
between models and observations in e.g., Shirazi & Brinch-
mann (2012); Berg et al. (2018); Schaerer et al. (2019), which
account for several possible sources that could be responsi-
ble for the production of strong HeII emission lines, such as;
Wolf-Rayet stars, active galactic nuclei, X-ray binaries.
In Sarmento et al. (2018, 2019), it is suggested that a
significant amount of Pop III flux-dominated galaxies will
appear with mUV ≈ 31.4 at redshift z = 9. Based upon the
scatter found in QHeII/QHI one can argue that when using
the suggested HeII 1640 A˚ emission line to constrain the
Pop III content of such galaxies, IMF-sampling could be an
important source of uncertainty that needs to be considered
in order not to misinterpret the results in observations of
low metallicity galaxies at the detection threshold of JWST.
5 DISCUSSION
The main conclusion of this work is that fitting the spec-
tral properties of lensed high-redshift dwarf galaxies at
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the JWST detection threshold to models that assume a
smoothly varying SFR over more than a few Myr may give
rise to biased results. The size of such biases can be esti-
mated by fitting such models to mock spectra from galaxy
formation simulations that simultaneously take star forma-
tion sampling effects, bursty star formation histories and
metallicity distributions into account, which we leave for
future work. In this paper we have simulated very young
galaxies which have only formed stars continuously for ∼
100 Myr, which allowed us to study spectral features at the
high redshift frontier z ∼ 10. Older galaxies which have
formed stars for & 500 Myr (representative of z ∼ 6) will
also suffer from the sampling issues discussed in this pa-
per, but to a smaller extent. Simulating the galaxies to later
times resulted in lower Balmer line EWs with less scatter
in the distributions, while the age of the galaxy had very
modest effects on the distribution of the UV luminosity at
1500 A˚. The decreasing EW can be explained by consid-
ering the evolution of the luminosity of the emission lines
relative to the continuum at the corresponding wavelengths.
The average luminosity of the emission lines studied in this
paper remain at the same value as long as the galaxy has
a constant average star formation rate. A galaxy with on-
going star formation continuously form new massive stars –
responsible for exciting the Balmer emission lines – which
then keeps the average Hα and Hβ luminosities stable. On
the other hand, as the galaxy ages, the stars that formed
earlier, with intermediate masses, remain alive. This implies
an average continuum flux density that is steadily increasing
with time and consequently – since the average emission line
luminosity remains constant – lowers the mode of the EW
distributions over time.
As the stochastic effects described in fig. 4 are almost
entirely due to ICMF-sampling, and not IMF-sampling,
their impact on the observables of dwarf galaxies at the high-
redshift frontier critically hinge on the assumption that star
formation primarily takes place in finite units (star clus-
ters), and on the the assumed properties of the star clusters
forming (slope and extent of the ICMF). A higher value for
the slope (i.e., β > −2) introduces more high-mass clus-
ters and therefore boosts ICMF-sampling effects and damp-
ens IMF-sampling, and vice versa for a lower β which sup-
presses the formation of high-mass clusters. The same ef-
fects are achieved by allowing a wider cluster mass-range.
Assuming that not all stars form in clusters (i.e., fc 6= 1,
where fc is the fraction of stars formed in clusters) will
decrease the impact of stochasticity as it will reduce the
fluctuations in the SFR while all stars formed outside clus-
ters will acquire masses according to the analytical IMF,
given that the total mass of the galaxy is large enough (i.e.,
(1 − fc) ×Mtot,stars & 104 M; da Silva et al. 2012). For
instance, any fraction of diffuse, unclustered star formation
will render the relation between integrated stellar popula-
tion properties and the emerging photometric and spectro-
scopic properties of these low-SFR galaxies tighter. This al-
lows for the possibility, at least in principle, to use the ob-
served dispersion in the spectral properties of high-redshift
dwarf galaxies to constrain the star cluster formation in the
early Universe, although this requires that other sources of
scatter (most notably the burstiness of star formation) are
under control. Interestingly, there are already indications
from the low-redshift Universe that the observed distribu-
tions of the LHα/LUV among dwarf galaxies remains diffi-
cult to explain using standard assumptions on the ICMF
and IMF when modelling star formation sampling effects
(Emami et al. 2019).
Throughout this paper, we have modelled the SFR fluc-
tuations that result from star formation sampling effects in
the case where the mean SFR(t) remains constant for 100
Myr. However, low-mass galaxies at z & 6 are expected
to display significant SFR variations on timescales rang-
ing from ∼ 106–108 yr due to a combination of several ef-
fects (Hopkins et al. 2014, 2018) – the collapse of molecular
clouds and star cluster formation on the shortest scales, ra-
diative/supernova feedback on intermediate timescales and
mergers and global gravitational instabilities on the longest
timescales. Hence, our results simply indicate the minimum
level of fluctuations one can expect at the detection limit
of JWST. In a realistic treatment, SFR fluctuations due to
star formation sampling effects should be modelled simulta-
neously with these other sources of star formation activity
variations. While some of the highest-resolution simulations
already resolve mass scales in the star cluster regime (e.g.,
Ma et al. 2015), attempts to add star formation sampling ef-
fects using slug at the subresolution level have been made
and has been shown to contribute significantly to the varia-
tion of observable quantities (Sparre et al. 2017)1.
Furthermore we have shown that QHeII/QHI, in contrast
to the other observables investigated in this paper, is af-
fected more by IMF-sampling. The effects of stochastic star
formation on QHeII/QHI can mimic what one expects to see
from low-metallicity galaxies containing a fraction of Pop III
stars. In most of the cases, the extent of the variations that
are due to stochasticity are deemed not significant enough
to risk directly interpreting a very low-metallicity Pop II
galaxy (with no detectable metal lines) suffering from sam-
pling issues as a pure Pop III galaxy, which would require a
QHeII/QHI ratio considerably higher. Nevertheless, IMF and
ICMF-sampling may still be very relevant when interpret-
ing HeII emission lines in future JWST observations of very
faint, lensed, low-metallicity galaxies containing a smaller
fraction of Pop III stars.
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